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ABSTRACT. This paper describes an optoelectronic system for detecting
corona discharge in SF filled systems. Using the discharge detection sys-
tem, investigations have been carried out to study the influence of various

experimental parameters on the amount of detected corona light. It is |
shown that the measured irradiance due to corona depends upon the ‘
applied voltage level, gas pressure, the distance and angle between the
corona source and the fibre optic light guide, and the radius, the material as
well as surface properties of the electrodes. It is further shown that addition |
of nitrogen to SF; significantly improves the corona light emission. The sen- ‘
sitivity of the detection system can be further improved by the use of !
fluorescent paint on the interior walls of the pressure vessel.

1. Introduction ‘

SF, gas has excellent electrical, chemical and thermal properties and is extensively.
being used as an insulating and arc quenching medium in compressed gas insulated.
systems (GIS). The major drawback of this gas is its high sensitivity to the presence of
microscopic regions of high field. Such regions may occur due to the presence of.
foreign free and fixed metallic and non-metallic particles as well as electrode and in-
sulator surface imperfections. The surface roughness in an industrially finished con-}
ductor system typically results in a reduction of the insulation strength of SF, to about
half of the theoretical strength, whereas a contaminating particle can cause break-
down at fields considerably lower than this, reducing the insulation level by as much
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as 90%!2!, As a result of such conditions, several types of discharges can occur in
GIS. If such discharges go undetected, these can lead to ultimate failure of the insu-
lation. Therefore, in order to improve the life and system reliability, there is consid-
erable interest in the early detection and consequent prevention of partial discharges
of SF, insulated systems.

The discharge detection methods can be broadly classified as chemical®®*l, acous-
tic"19 electromagnetic®!1"12, electricall”-'>'*! and opticall®!>1¢],

The optical method being based on the detection of emitted radiation during the
discharge, it is potentially very attractive for GIS as it is not affected by any external
electrical and mechanical noise as in the electrical and acoustic methods, respec-
tively. Where as considerable qualitative information have been reported in the liter-
aturel!7% about the temporal and spatial characteristics of corona in SF, gas and its
mixtures with other gases, there is still a strong need for a better understanding of the
emission behavior of different discharge modes in SF, gas and the influence of vari-
ous experimental parameters on such characteristics.

This paper describes an optoelectronic discharge detection system. Using the sys-
tem, positive corona discharges have been investigated in SF, gas and its mixtures
with several other gases under different experimental conditions in order to obtain a
better understanding of the factors which can influence the sensitivity of optical dis-
charge detection. The paper reports on the results of such investigations.

2. Experimental System and Procedures

Positive AC corona was studied using the electrode arrangements shown in Fig. 1.
The steel pressure vessel was 20 cm in diameter and 20 cm in height. A point elec-
trode was mounted to the incoming high voltage connection with the axis of the point
directed towards the optical guide (Fig. 1(a)) or at right angle to it (Fig. 1(b)). Tests
were also carried out using a 17 cm long 25/75 mm diameter concentric cylindrical ar-
rangement incorporated within the pressure vessel as shown in Fig. 1(d). Figure 1(c)
shows an arrangement where an insulator barrier is located between the point elec-
trode and the optical guide. A regulated HVAC power source was used. Highly
polished conical point electrode each being 5 cm long and 1 um tip diameter made
from aluminium or brass were used as the corona point. The high voltage conductors
used in the coaxial arrangement were also made from brass or aluminium and had
different surface finishes.

An optical window was included in the pressure vessel. From the window, the light
entered a fibre optic (F.O.) light guide through a Fafnir bearing. The Fafnir bearing
is a fabric lined, metal backed, bearing which is light proof and gas tight, and, pro-
vides a simple, flexible and economical means to view a large area inside the vessel
from a given window by simply adjusting the cone angle to the optic waveguide. The
bearing used allowed the axis of the optical guide to rotate in a conical volume of 30
degrees half angle. From the fibre optic light is detected by a photomultiplier (PM)
tube. The PM tube was used with a control unit containing an amplifier and a digital



Factors Affecting Optical Detection. .. 79

j HV. | —+ HY.
T

)

S5cm

i (8

_..|5Crrl._

20cm
(a) (b)
! | __l_. ! | _l
” F.O. UFO A
J&———20cm - ——

(c) (d)

-

-

FiG. 1. Different electrode arrangements.

display unit. The Binary-coded-decimal (BCD) output of the display unit gave light
quantity averaged over 0.45 s. A series of such outputs was fed to a BBC (Acorn)
computer programmed to analyse 40 reading taken over a period of 18 s for a con-
stant applied voltage. Each measurement was repeated in this fashion three times in
1 kV voltage steps. The results given here are the average of all 120 measurements
for a given set of experimental conditions. The light output was measured as ir-
radiance in five decades ranges (2 X 107" W/cm? to 2 x 107'° W/cm?).

The optical window was made of quartz (fused silica), and was 50 mm in diameter
and 6 mm thick. Its spectral response was in the range of 120 nm and 4500 nm (10%
cut off points). A 2 m long 3.5 mm diameter glass fibre light guide with a spectral
range of 400 to 2400 nm was used. The PM tube used was Hamamatsu side-on with
multialkali cathode material having a photocathode area of 24 X 8 mm?. The spectral
response of the photocathode was approximately from 200 nm to 800 nm with 330 nm
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as the geak response wavelength. The current amplification the the PM tube was
5 X 10°. The PM tube was operated at ambient temperature. The system was calib-
rated at 300 nm.

3. Results and Discussion

3.1 Effect of Electrode Position

The amount of discharge light received by the optical detector greatly depends
upon the position of the discharge source with respect to the optical guide. In
Fig. 1(a), the corona point is directed straight along the optical window, whie in Fig.
1(b), it is at right angle to the window. Thus these two electrode positions give diffe-
rent light emission angles according to received cone angle of the fibre optic. In pos-
ition (a), the light beam is directed at the fibre optic cone angle with a very small
background reflection. In position (b), the corona light is not directed at the cone
angle and the light received depends to a large extent on partial background reflec-
tion. In both positions, the radiant power proceeds from a point source of light and
obeys the inverse square law and the cosine law for irradiance measurements. In pos-
ition (c), an insulating barrier is located between the corona source and the fibre
optic light guide to only allow reflected light from the discharge to the measured. Fi-
gure 2 shows the light irradiance measured as a function of applied voltage for diffe-
rent positions of corona point with respect to the light guide. This figure clearly
shows that the maximum irradiance is measured when the light guide is directed to-
wards the discharge source (curve (a)). As the light guide is rotated away from the
discharge source the irradiance level decreases as shown in curve (b). Minimum ir-
radiance is measured when the discharge source is hidden behind the barrier (curve
(c)). In this case the measurement of irradiance is due to reflected light only. For pos-
itions (a), (b) and (c), the corona light was detected at threshold voltages of 18, 20
and 35 kV, respectively. Therefore, the differences observed in the threshold voltage
levels are due to insufficient light available at the light guide input.

For the electrode arrangement of Fig. 1(a), the total light measured while pointing
the fibre optic light guide in different directions is shown in Fig. 3. It is clear that as
the fibre optic is directed away from the discharge source, the irradiance magnitude
is reduced. This property can be used in locating the discharge source.

It is important to note that, in case of curve (c), the measured irradiance is due to
reflected light only. It should be pointed out that the corona point used had a tip
diameter of 1 wm. For such a sharp point, the field decreases very rapidly with dis-
tance away from the tip. Consequently, the active discharge volume is very small and
the discharge magnitude in terms of charge as well as light emission is very small. It
should be further pointed out that for such a sharp point, the corona inception vol-
tage does not vary with gap length in any significant manner. Thus, the discharge in-
ception voltages for the three point positions are expected to be roughly similar('?2,

3.2 Effect of Applied Voltage

The corona light increases with applied voltage above the threshold level as shown
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earlier in Fig. 2 and 3. Based upon numerous such measurements it was observed
that generally the variation of the light intensity with applied voltage can be expres-
sed according to a mathematical relation. Taking the intensity /, at voltage V, as a
threshold, the intensity [ at a voltage V can be approximated as follows

V-V,

I=1,-10 (1)

In these tests ] was generally in the range of 1 to 10 x 10™"* W/cm?, and / ranged from
1t0 1000 X 10™"* W/cm?. This equation implies a tenfold increase in the light intensity
when the voltage is doubled in reference to the threshold level.

It is important to point out that the light irradiance for corona in SFy is usually very
small. This is due to the fact that in SF at 3 bars, stable glow corona such as that ob-
served in air does not occur. At its inception, the corona is in the form of intermittent
burst pulses. As the voltage is further increased, the pulse level as well as pulse repet-
ition rate increase giving it the appearance of a continuous discharge. Thus, the total
corona light increases with the applied voltage.

3.3 Effect of Gas Pressure -

The gas pressure has significant influence on both the nature of the corona
phenomena as well as the level of the light emission associated with such a discharge.
Figure 4 shows the light irradiance in SF at gas pressures of 3 and 2 bars for the elec-
trode arrangement of Fig. 1(b). It is clear from this figure that the radiant intensity
decreases by an increase in the gas pressure. This is due to the following main
reasons ;

a) As aresult of increasing gas pressure, large and infrequent discharges occur in-
stead of a continuous discharge. Furthermore, the duration of burst pulses decreases
and such pulses become quite narrow for a pressure above 4 bars. Thus, the average
irradiance of emitted light decreases with pressure.

b) When light travels in the gaseous media, it is partially absorbed by the medium.
The photon beam intensity / in the gas at a distance x from the source is given by

I=1Ie" ()

where [ is the beam intensity at x = 0 and k is the photoabsorption coefficient of the
gas. k depends upon the light wavelength, gas type as well as gas pressure. It in-
creases with gas pressure, thereby, reducing the photon’s mean free path at high
pressures.

Thus, the received light by the PM detector will decrease with an increase in the
gas pressure as well as distance b een the corona source and the receiving light
guide.

3.4 Effect of Fluorescent Paint

SF_ emits considerable portion of the radiation in the U.V. (ultra violet) and near
U.V. rangel'®!. It appears that the relative portion of the emission in the visible range
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to that in the U.V. range increases with the applied voltage. Therefore, to detect the
discharge near its inception, it is preferable to have a system which can detect U.V.
light with better sensitivity. This may be achieved by using suitable fluorescent paint
on the walls of the pressure vessel to absorb the ultraviolet light from the corona dis-
charge and re-emit it as visible light. Such a paint can also improve the light reflection
from the vessel walls. Figure 5 shows the effect of a blue/blue fluorescent paint on the
corona light emission characteristics for electrode arrangement of Fig. 1(a). It is
clear from this figure that use of such a paint helps considerably to detect the dis-
charge at an early stage. Similar results were observed for other electrode arrange-
ments.

3.5 Effect of Electrode Material

The material of the active electrode may influence the corona light since light emis-
sion under the corona discharge is considered quite likely to contain to some degree
the spectra of the electrode material used. The basic material used in GIS is an
aluminium alloy. Figure 6 shows the characteristics of detected corona light for two
similar points made from brass and aluminium in SF, and SF-N, mixtures. With
aluminium point, the irradiance is 2-3 times higher and the threshold voltage is
lower. This figure suggests that part of corona light is indeed due to spectra of active
electrode material. It has also been observed that the light spectrum for corona in air
with aluminium electrode has more spectral lines over a wider wavelength range as
compared to the spectrum measured for brass electrode under otherwise similar ex-
perimental conditions®). In the present experiments it was further observed that
sharp points made from alimunium had generally higher irradiance levels as com-
pared to similar sharp points made from brass. This was also true for coaxial elec-
trode system for both SF, and SF.-N, mixtures. Since GIS are usually constructed
from aluminium, it is anticipated that the active discharge point will also be of the
same material. This could result in an increased detection sensitivity for the optical
detectors when applied to practical GIS.

3.6 Effect of Electrode Surface

In order to investigate the influence of electrode surface finish, the coaxial system
of Fig. 1(d) was used. A standard aluminium rod with a usual industrial finish with-
out any deliberately created sharp points on its surface was used. The ground cylin-
der used was also smooth. With SF at 3 bars, as the voltage was increased, light was
observed at a threshold voltage of 45 kV with an irradiance magnitude of 2.5 x 107"
W/cm?. As the fibre optic was swivelled to view both sides of the HV conductor, it
was observed that on side (A) had irradiance of 1.7 x 107 W/cm? whereas the other
side (B) had irradiance of 4.8 x 107"* W/cm?2. This indicated that the discharge
sources on side (B) were either more in number or severity. This is due to the pre-
sence of some sharp points on one side of the high voltage rod.

When the high voitage rod was changed to a smooth rod, no light could be ob-
served in SF,. When 63% SFy + 37% N, mixtures were used instead of pure SF,
more light was observed for a standard aluminium rod as compared to the smooth
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rod. Thus, the effect of surface roughness is apparent.

The effect of electrode surface finish was further investigated by deliberately intro-
ducing protrusions on the inner surface of the grounded cylinder as well as on the
outer surface of the high voltage conductor. With such an arrangement, the light
emission was detected at an early stage. The total light depended upon several fac-
tors such as applied voltage, gas pressure, size of the protrusion, location of the prot-
rusion (high voltage bus or the ground conductor), material of the protrusion (brass
or aluminium), material and surface finish of the coaxial electrodes as well as the
angle and the distance between the discharge source and the light guide. Figure 7
shows some typical results using an aluminium protrusion on the grounded
aluminium cylinder and smoothed brass or aluminium rods as the high voltage elec-
trode. It may be noted that the surface finish of the electrodes influences the dis-
charge light in two ways. Firstly, the surface roughness results into microscopic reg-
ions of high field which may become sources of discharge and, therefore, will tend to
increase the detected light. Secondly, a rough surface has a smaller coefficient of re-
flection for light that may fall on such a surface. This is due to the random scattering
from rough surface. Therefore, it tends to decrease the total detected light. Hence,
the overall influence of surface finish will be due to the net result of both of these fac-
tors. :

3.7 Effect of Gas Additives

In order to simulate corona discharges that may occur in a hidden area in a GIS, ir-
radiance measurements were carried out using the electrode arrangement of
Fig. 1(c) where an insulating barrier is located between the electrode and the optical
window to allow only reflected light to be measured. In SF, at 3 bars, when the vol-
tage was raised to 35 kV, the discharge threshold was observed with irradiance of
2.5 x 107" W/cm®. However, there was significant variation in the irradiance mag-
nitude.

In order to increase the effectiveness of the optical detection as well as optical de-
tection range, it may be possible to increase the corona light emission in SF by using
small amounts of suitable gas additives. Such gas mixtures should have electrical,
chemical and thermal characteristics similar to SF but should improve the light emis-
sion. Nitrogren appears to be one such additive since SF¢/N, mixtures with high SF,
content have dielectric strength which is approximately similar to that of SF,. There-
fore, mixtures of SF, with nitrogen were investigated from the optical discharge de-
tection point of view. In addition, mixtures of SF, with gases such as He, Ar and Ne
which are commonly used in discharge lamps were tested. Figure 8 shows the mea-
sured irradiance levels for SF, and its mixtures with other gases. This figure also
shows the corona light measured for the additive gases alone at a pressure of 0.3 bar.
It is interesting to note that, when tested alone, Ne has the highest corona light ir-
radiance and exhibits the lowest threshold voltage level. On the other hand, N, has
the highest threshold voltage level and the lowest irradiance magnitude. However,
among mixtures of SF, with these gases, SF-N, mixtures exhibit the lowest threshold
voltage and significantly higher irradiance levels. Thus, the addition of nitrogen to
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SF, significantly improves the corona discharge light emission. The electron swarms
in SF, on its own are not very luminous because of low excitation coefficient.
Whereas N, has a very high excitation coefficient for second positive group radiation.
The small admixtures of N, to SF, permit light emission from the corona dis-
charge!").

It should be pointed out that the actual discharge onset voltage for the tested elec-
trode configurations is expected to be less than 14 kV since without the barrier, the
discharge onset in SF is detected at 14 kV (when the chamber walls are painted with
fluorescent paint). To determine the inherent diaelectric strength of these mixtures,
breakdown voltages (B.D.V.) were measured for a 2 mm gap for various mixtures.
The measured values are given in Table 1 for mixtures containing 37% of the additive
gas in each mixture. Thus, the results of Fig. 8 and Table 1 show that among the ad-
ditives investigated, N, seems to have the best characteristics since its mixtures with
SF, exhibit higher breakdown voltages as well as higher corona light emissions. Fi-
gure 9 shows the light emission behaviour for SF, and SF, + 37% N, mixtures for dif-
ferent electrode configurations. It is obvious that such mixtures exhibits higher ir-
radiance magnitudes which make it possible to detect discharges which are even lo-
cated in a hidden area. After investigating such mixtures having different percentage
content of nitrogen, it was found that even mixtures containing as low as 2.5% of N,
significantly improve the corona irradiance levels.

TABLE 1.
Gas SF, SF,+ Ar SF, + He SF, + Ne SF,+ N,
B.D.V.
(kV) 34.5 27.8 25 26 32.5

4. Conclusion

The light emission in SF, depends upon the applied voltage level, the gas pressure,
the distance and angle of the corona point with respect to the fibre optic light guide
cone angle, the radius of the active electrode, the material as well as the surface finish
of the electrodes. The sensitivity of optical discharge detector can be enhanced by
use of suitable fluorescent paint as well as gas additives. Mixtures of SF, with N, sig-
nificantly improve the light emission and detection characteristics and with such mix-
tures, it is possible to detect the discharges which are even located in hidden areas.
The results obtained in the present investigation are believed very useful for GIS in-
dustry as well as GIS development investigations.
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